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washed in 70% ethanol. Slides were stored at -80°C until use.
147
Immunofluorescence 148 Immunofluorescence (IF) was performed as previously described with modifications 28 . Slides were 149 blocked 10 min with PTBG (1x PBS, 0.1% Tween-20, 0.2% BSA, 0.2% gelatin) and then incubated 150 overnight at 4°C with mouse anti-Tert (dilution 1:100 from Rockland antibodies #600-401-252S), anti-151 NONO (dilution 1:100 from Proteintech #11058), anti-SFPQ (dilution 1:100 from ProteinTech #15585) 152 and anti-VASA (DDX4) (dilution 1:200 from Abcam #ab13840) in PTBG. Slides were washed three 153 times for 5 minutes in PBST (0.1% Tween-20 in 1x PBS) before incubation at 37°C for 40 minutes with 154 the following secondary antibody: Alexa Fluor 488-AffiniPure F(ab')2 Fragment goat anti-mouse IgG 155 (H+L), Alexa Fluor 488-AffiniPure F(ab')2 Fragment goat anti-rabibit IgG (H+L) and Alexa Fluor 594-156 AffiniPure F(ab')2 Fragment goat anti-rabbit IgG (H+L), all of them from Jackson Immunoresearch 37°C for 60 minutes. Slides were washed three times in PBST, fixed 10 min in 4% paraformaldehyde in (RNA-FISH) was performed immediately after IF. Briefly, after dehydration through a ice cold graded 164 ethanol series (70%, 80%, 90% and 100%, during 5min each), cells were hybridized overnight at 37°C 
180
USA) for 5 minutes each, followed by 3 washes of each concentration in a graded series of ethanol 181 (100%, 95%, 80%, 70%). After rinsing the slides 2 times for 5 minutes in distilled water, the slides were 182 incubated in sodium citrate pH 6.0 during 40 min at 95 °C. Permeabilization was performed in 0.2% of 8 10% goat serum, 3% BSA in PBS-T) and then incubated with primary antibody overnight at RT. After 2 185 washes with PBST, the slides were incubated with secondary antibodies for 2 h at RT. The slides 186 where rinsed in PBST, cell nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI) and 187 mounted in Vectashield (Vector Laboratories, Burlingame, CA). 192 Germany). Images are show as maximum intensity projections of z-stack images-3D-SIM. To 193 reconstruct high-resolution images, raw images were computationally processed by ZEN Black.
194
Channel alignment was used to correct for chromatic shift. The brightness and contrast of images were 195 adjusted using ImageJ (National Institutes of Health, USA). Image acquisition of the tissue sections was 196 performed using a Zeiss Imager Z1 microscope under 20X, 40X or 63X magnifying objectives, at RT.
197
Images were processed using ZEN 2 (Carl Zeiss AG, Oberkochen. Germany).
199
RNA isolation and reverse transcription 200
Total RNA from each gestational age (11.5, 12.5 and 13.5 Real-time PCR amplification and analysis was performed following the protocol previously described 212 by Feretzaki and Lingner 30 . Primers were designed to amplify the subtelomeric region of different data were analyzed with the CFX-manager Bio-Rad (Bio-Rad Laboratories). All analyzed genes were 223 performed in triplicate for each one of the 3 biological samples of the three different developmental 224 ages (11.5, 12.5 and 13.5 dpc) and both sexes (female and male). qPCR data for TERRA quantification 225 are analyzed using the relative quantification method 32 . This method feeds the Ct values obtained from 226 the qPCR experiment into a series of subtractions to calculate the relative gene expression of the gene 227 of interest (TERRA) normalized against a reference gene (SDHA) in different conditions as was 228 described previously by 14, 18, 30 .
230
Identification of Direct RNA Interacting Proteins (iDRiP) 
231
Proteins that directly interact with TERRA were identified through method called iDRiP, following a 232 published protocol with some adaptations 33 . The original iDRiP method utilized large numbers of 233 cultured somatic cells (around 30 million). In the current study, we adapted the conditions to reduce the 234 input of cells around 10-fold and to use primary PGCs from 13.5 dpc male and female gonads, along 235 with gonadal somatic cells as controls. After cell isolation, cells were rinsed with cold PBS 3 times and 10 the plated in a petri dish for 30 min at 37°C 5% CO 2 . Excess PBS was removed and the cells were 237 irradiated with UV light at 200 mJ/cm 2 energy (Spectrolinker XL, UV crosslinker. Spectronics
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Corporation. Westbury, NY. USA). The cells were transferred to an eppendorf tube and spun down at 239 1258 rcf for 5 min at 4°C. The pellet was re-suspended in 300 µl cold cytoskeleton buffer (CSKT) (0.5% 
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Samples were mixed well and incubated again at 37°C for 15 min. As a positive control, the highly 253 expressed RNA U6 was used, and RNAse A treated samples as a negative control. U6 and TERRA- 
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Using RNA-FISH and 3D-SIM microscopy, we evaluated the presence of TERRA at three 306 developmental stages (11.5 12.5 and 13.5 dpc) in both sexes. The selection of these stages was based 307 on the timing of sex determination in the mouse, the methylation status of PGCs, and the entrance into 3.88 ± 0.73 at 12.5 dpc, and 8.76 ± 4.03 at 13.5 dpc. Statistical analysis revealed significant differences 317 among the three gestational ages (p=0.001 ANOVA; Fig. 1B ). Meanwhile, TERRA focus counts from 318 female gonadal somatic cells at the same gestational ages revealed no statistical differences from 11.5 319 dpc (19.76 ± 1.143), 12.5 dpc (19.86 ± 1.52), and 13.5 dpc (19.78 ± 1.44; Fig. 1C and 1D ). The number 320 of TERRA foci in somatic cells was considerably higher than that observed in the neighboring germ 321 cells at each gestational age. These results indicate that TERRA focus numbers alter with gestational in 322 female PGCs but not in neighboring somatic cells.
323
In male PGCs, the dynamics of TERRA focus accumulation were very different to that seen in females.
324
We were not able to detect TERRA signal in male 11.5 dpc PGCs. Instead, the earliest detection 325 TERRA in male PGCs was at 12.5 dpc where we observed cells with either zero or one TERRA focus 326 (0.73 ± 0.45 foci/cell). A statistically significant increase in the TERRA foci was observed in male 13.5 327 dpc PGCs, where the mean focus number rose to 4.03 ± .82 (p=0.001; Fig. 1A ). Adjacent somatic cells 328 of the male gonad showed TERRA focus numbers that were indistinguishable at all ages from that of 329 female gonads, with no statistically significant differences found between sex or gestational age (11.5 330 dpc: 19.66 ± 1.02 foci/cell, 12.5 dpc: 20.05 ± 1.71 foci/cell, and 13.5 dpc: 19.35 ± 1.76 foci/per cell; Fig. 
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1D). These results indicate that in male PGCs, like in female PGCs, the gestational age is a key factor 332 in TERRA localization in PGCs but not in somatic cells.
333
Comparison of TERRA foci numbers in both female PGCs and male PGCs reveled a sex bias.
334
Compared to male PGCs, female PGCs showed significantly more TERRA foci at all the stages of Table 1 ). As expected from the localization of 349 TERRA, our results showed higher levels of TERRA expression in female PGCs compared to male 350 PGCs at each gestational age ( Fig. 2A-2O ). Furthermore, and in contrast to previous results, we 351 observed that TERRA is transcribed from multiple telomeres in a gestational and sex-dependent 352 manner, though not all telomeres were found to be transcriptionally active (only those with any 353 expression of TERRA are shown in Figure 2 ).
354
Female PGCs showed TERRA expression at 11.5 dpc from 8 different chromosome subtelomeric 355 regions (Chromosomes 1, 2, 7, 9, 11, 13, 17 and 18;  Fig. 2A, 2B , 2E, 2G, 2I, 2J, 2L and 2M, 356 respectively), while in male PGCs at the same age, TERRA expression was confined to the 357 chromosome 17 subtelomeric region ( Figure 2L ). At 12.5 dpc, we detected increased expression from 358 chromosomes 5, 6, 8, 10, 15, 19 in both female and male PGCs (Fig. 2C, 2D , 2F, 2H, 2K and 2N, 359 respectively). The exception was the subtelomeric region of chromosome X, from which transcription of 360 TERRA was only detected for female PGCs (Fig. 2O ). Transcription of TERRA from the single X 361 chromosome of male PGCs only became evident at 13.5 dpc, but at a very low level compared to that 362 of female PGCs at this gestational age (Fig, 2O ). Most TERRA transcription in 13.5 dpc male PGCs 363 arose from chromosomes 2 and 6, and only in the case of the latter was there higher transcription in male PGCs than female PGCs (Fig. 2B, 2D) . Indeed, at all gestational ages, we observed higher regulated in the male and female germ line, and that transcription of TERRA in male PGCs is 368 developmentally delayed compared to that in female PGCs. Moreover, our results demonstrate that 369 TERRA is transcribed from multiple subtelomeric regions in mouse PGCs. There is a lot of controversy regarding the role of TERRA in the regulation of Telomerase (TERT). The 374 most common idea suggests that TERRA expression down-regulates or inhibits the catalytic subunit of 375 the TERT 17, 36 . Previous reports have indicated that there is decay in the Tert expression with age in 376 male germ cells, including PGCs 37, 38 . Confounding this, however, are the suggestions that high levels 377 of telomerase are required to maintain spermatogonia in their undifferentiated state 39 . Using SIM 378 microscopy we evaluated the colocalization of TERT and TERRA at 13.5 dpc, and plotted the percent 379 colocalization in PGCs from both sexes (percentages were obtained from the number of TERRA-TERT 380 foci divided by the total TERRA foci, and multiplied by 100) (Fig. 3A and 3B) . In female PGCs, 63.5% of 381 the TERRA foci colocalized with TERT but only the 36.1% in 13.5 male PGCs (Fig. 3C; p=0 .0001).
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We evaluated the expression of Tert using qPCR, and showed a statistically significant decrease of 383 Tert expression 11.5 dpc to 13.5 dpc in both male and female PGCs (Fig. 3D; p=0 .001). Consistently, 384 however, Tert expression was significantly higher in male PGCs than in age-matched female PGCs 385 ( Fig. 3D) . Thus, the increasing TERRA focus count with gestational age, and the relatively increased To understand TERRA function, it is important to identify key TERRA interacting proteins in the cell 392 type of interest. Given that we obtain so few PGCs at specific developmental ages, we focused on only 393 one gestational age in which to investigate the TERRA interactome in PGCs and somatics cells: 13.5 394 dpc. We performed iDRiP (Identification of Direct RNA Interacting Proteins), using three million PGCs 395 from both male and female gonads, along with comparable neighboring somatic cells. A total of 48 396 proteins were identified in female PGCs and 26 in male PGCs, of which 32 (55.2%) were unique to 397 female PGCs and 10 (17.2%) were specific for male PGCs (Fig. 4A and 4B ). The remaining 16 (27.6%)
398
TERRA-associated proteins were shared between female and male PGCs (Fig. 4A ). Using the relative 399 label free quantification method within Proteome Discoverer 2.2 software, we calculated the protein 400 abundances. The intensity values of peptides, which were summed from the intensities values of the 401 number of peptide spectrum matches (PSMs), were summed to represent the abundance of the 402 proteins. The results of these relative label free quantitations showed different relative levels of protein 403 between female and male PGCs (Fig. 4B ) (Supplemental Table 2 ).
404
In somatic cells, we observe far higher numbers of TERRA interacting proteins, but with greater number 405 of proteins in male somatic cells than in female somatic cells (Fig. 4C ). 118 proteins were obtained from 406 female somatic cells and 158 were obtained from male somatic cells (Fig. 4C) , with 31 (16.4%) and 71 407 (37.6%) proteins, respectively, being unique to one sex. Overall, female and male somatic cells shared 408 87 (46%) TERRA interacting proteins (Fig. 4D ). Similar to PGCs, we used the relative label free 409 quantification method to compare the relative abundance of proteins in both female and male somatic 410 cells. Our results showed a different distribution of the relative protein abundance in female gonads 411 compared to male gonads (Fig. 4D, and Supplemental Table 3 ).
413
SFPQ interacts with TERRA in PGCs
414
To validate the interactions of TERRA we used two different approaches. First, we immunolocalized the 415 protein of interest on 13.5 dpc ovaries and testis, and secondly, we co-localized TERRA and the protein 416 on isolated cells. Based on our iDRIP-identified interacting proteins, we decided to analyze proteins however on the male somatic only the 25% of the TERRA foci colocalized with NONO (percentages 443 were obtained from the number of TERRA-NONO foci divided by the total TERRA foci, and multiplied 444 by 100) (Fig. 5 C and D; p=0.01) . These results indicate that the colocalization TERRA and NONO is 445 restricted to the somatic cell lineages of the fetal gonad. quiescence. Thus, we suggest that this period of development would provide for key differences in 458 TERRA regulation between the male and female germ lineages. Our results showed that both TERRA 459 focus distribution and TERRA transcription increases with gestational age in both female and male 460 PGCs. However, the increases are significantly higher in PGCs isolated from ovaries compared to 461 those obtained from testis, and there is a delay by one day in the onset of TERRA transcription in 462 males.
463
Sexual dimorphism in the epigenetic marker and DNA methylation patterns in PGCs has been 464 extensively studied at different stages of gestation in the mouse 21, 22 . In both sexes, the lowest levels of 465 genome-wide methylation are observed at 13.5 dpc, but the recovery of the epigenetic marks takes 466 longer in the female germ line compared to male 42 . Concommitant with the return of epigenetic marks in 467 female PGCs is their synchronous entry into the meiotic program. Thus, the increased TERRA 468 localization may be highly influenced by the onset of prophase I in the female germ line but we cannot speculate that one role of TERRA is to prevent DSB induction/repair at telomeres and instead to direct 473 DSB events to more proximal chromosomal locations. The purpose of prophase I DSB induction/repair 474 is to generate a highly regulated number of crossovers that serve as tethering points to maintain 475 homologous chromosome interactions until the first meiotic division. Thus the placement of DSB events 476 at telomeres would not be ideal for this purpose.
477
Interestingly, TERRA focus numbers in both male and female PGCs are significantly lower than in 478 somatic cells, and represent a frequency that is less than a quarter of the number of telomeres present 479 in the nucleus. In the soma, by contrast, only half the diploid number of chromosomes (40 in mouse) 480 appear to be associated with a TERRA focus. It is important to note that somatic cells of the gonad do 481 not undergo to epigenetic mark erasure, indicating that TERRA transcription in PGCs and somatic cells 482 at these particular stages of development is likely to be regulated by different mechanisms.
483
Controversial results have been published about the expression of TERRA and Tert, where it has been 484 described that TERRA either recruits Tert to the telomere to promote its enzymatic function, or 485 conversely TERRA is acting as a competitive inhibitor that is competing for access to telomeric DNA 17, 486 36 . Our results showed that in PGCs the expression of TERRA and Tert decreases in relation to 487 gestational age in agreement with previous reports 37, 38, 43 . Our results demonstrate intermittant 488 colocalization of TERT and TERRA, and also showed that when transcription of TERRA increases the 489 Tert transcription decreases. However, more studies analyzing the interaction of TERRA with TERT are 490 required to evaluate whether TERRA affects the enzymatic activity or the transcription of Tert in PGCs.
491
A previous study had investigated TERRA-protein interactions in MEFs using a pre-existing 20 results from 2 independent pull downs showed approximately 924 interacting proteins 45 . More recently 495 iDRiP was used to examine TERRA interactions in 15x10 7 mouse embryonic stem cells and the 496 authors report 134 interacting proteins ranging from components of the shelterin complex, to chromatin 497 associated proteins, DNA repair proteins, and cell cycle regulators, to name just a few 14, 18 . In all these 498 reports, the authors use cultured somatic cells or ESCs, allowing for high cell input (≈30 million cells).
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By contrast, the current study analyzed TERRA interacting proteins starting with 3 million PGCs from 500 each sex and an equivalent number of somatic cells, representing cell purifications from 300 pups for 501 each sex. Despite the low input, we were able to identify 48 proteins were identified in female PGCs 502 and 26 in male PGCs. 37.5 % of these proteins were shared with the iDRiP study of Chu et al. (2017) 503 using ES cells 14 . These common protein interactors included several heterogeneous 504 ribonucleoproteins, histones, chromatin associated proteins, RNAP II and DNA repair proteins, all found 505 in PGCs and in somatic cells. Interestingly, the SFPQ-TERRA interaction that we identify in female and 506 male PGCs was not observed in ES cells suggesting potential specificity of this interaction for germ 507 cells. By contrast, in somatic cells of the gonad, we identified NONO as an interactor of TERRA, and 508 this interaction was also identified in ES Cells by Chu et al. (2017) . The comparison between our data 509 and previous reports suggest that there are interactions conserved in different cells types, however 510 TERRA also have specific protein interactions depending of the cell type and at least in PGCs the sex 511 is another determinant factor.
512
To validate our iDRIP data, we chose to examine further one PGC-specific (SFPQ) and somatic 513 cell-specific (NONO) interacting protein. We did not observe clear differences in protein localization on 514 histology sections in 13.5 dpc ovary and 13.5 dpc testis. We analyzed the colocalization of TERRA-515 SFPQ and TERRA-NONO, in both cases the percentage of colocalization TERRA-Protein was higher in 516 females compared to males, indicating that at least at this specific point of development, the 517 interaction/function of the TERRA-Protein complex is different. SFPQ is DNA-and RNA binding protein, 518 while NONO is an RNA splicing factor 46 . Both proteins have been implicated in a range of DNA/RNA 519 metabolic processes, including ssDNA invasion to generate a D-loop, non-homologous end joining Taken together, herein we described for first time the presence of TERRA, in mouse primordial germ 522 cells. Our results also showed that in mouse PGCs TERRA foci number, expression and protein 523 interactions depend on the gestational age and sex suggesting that the role of TERRA telomere 524 dynamics is related to sexually dimorphic changes in germ cell development with age. 
